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AERODYNAMIC CHARACTERISTICS OF W I N G S  HAVING 35' OF 

SWEEPBACK,  ASPECT  RATIO 4, AND TAPE3 RATIO 0.60 

By William D. Morrison, Jr. and Paul G. Fournier 

An invest igat ion has been  conducted in the Langley  high-speed 7- by 
IO-foot tunnel t o  determine  the  effects  of a spanwise v a r i a t i o n   i n  t h i c k -  
ness r a t i o  on the aerodynamic charac te r i s t ics  of a wing havfng a plan 
form iden t i ca l   t o  that of a constant-percent  thicknesa-ratio w i n g  
previously  investigated as pa r t  of  an  extensive  transonic  research 
program. The w i n g  with  thickness  variation had 35' of aweepback, aspect 

free  stream)  tapered  from  an NACA 65A0-06 sect ion a t  the  root  chord  to 
an  NACA 65AO32 sect ion a t  the t i p  chord. The t e a t  Mach  number range was 
frm 0.60 t o  1.08 a t  Reynolde nunibere of the  order of 650,000. 

. 
L r a t i o  4, and taper r a t i o  0.60, w i t h  a i r f o i l   s e c t i o n   ( p a r a l l e l  t o  the 

The r e su l t s  of this invest igat ion  indicate  no important  differences 
i n  minimum-drag charac te r i s t ics  of the tapered-in-thickness-ratio and 
constant  6-percent-thick wings, except for a less rapid drag rise through 
the  transonic speed range for the wing tapered  in   thickness   ra t io .  Drag 
due t o  lift f o r  the wing tapered in   th ickness  ratio 58 higher at moderate 
l i f t  coef f ic ien ts  a t  Mach numbera of 0.80 and 1.00. The tapered 6 -  t o  
2-percent-thick wing exhibited  an  appreciably  higher  l if t-curve  slope 
above M = 0.85 and through  the remaining test  Mach number range  than 
the  constant  6-percent-thick w i n g .  Subsonic  theoretical  valuea  of l i f t -  
curve  slope, aerodynamic center, and lateral center of lift a r e   i n   f a i r l y  
good agreement with experiment. Agreement between experiment and theory 
for  these  parameters a t  a Mach  number o f  about 1.00 and higher is 
generally  poor. 

INTRODUCTION 

c As par t  of an  extensive  transonic  research program, a limited 
investigation has been  conducted i n   t h e  Langley  high-speed 7- by 10-foot - 



tunnel   to  determine the aerodynamic c h a r a c b r i s t i c s  of tapered-in- 
thickness-ratio wings i den t i ca l  i n  plan form t o  some of the constant- 
thickness-ratio wings investigated under this transonic program. 

The wing of this invest igat ion had 35O of  sweepback, aspec t   ra t io  4, 
taper r a t i o  0.60, and an ETACA 65~006 a i r f o i l   s e c t i o n  a t  the roof, chord 
tapered in t h i c h e e  by st raight- l ine  e lements   to  an HACA 65~002 a i r f o i l  
sect ion aC the t i p  chord. This wing was fwes t iga t ed   a s  a ref lect ion-  
plane model over a Mach  number range from 0.60 t o  1.08 through an angle- 
of-attack  range .- -6' t o  14O. Resulte of 8 previous i w e s t i g a t i o n  of 
the   e f fec ts  of thicknese taper on 35O and 45O Bweptback a n g s  of aspect 
r a t i o  6 are  given i n  reference 1. 

This paper presents the erperimeatal resulte of this investigation 
and gives a brief analyefa of the data in conjunction  with data obtained 
fram a previoue  imestigation  (reference 2) of a wing with the E- plan 
form but with a constant  section  thickness  ratio of 6 percent. Thm- 
ret ical   coxparisom  are  made with  experimental values at subeonlc and 
lox-supersonic speeds of l i f t -curve  slope, aerodynamic center, and lateral 
center of lift. 

COEFFICIElPTs  Am SYMBOLS 

A l l  force and moment data preaented are referred t o  the wind axes. 

l i f t  coeff ic ient  ( W c e  semispan l i f t /@) 

d rag   coe f f i c i en t   (Wce  semispan drag/*) 
pitching-moment coeff ic ient   referred to 0.25E (Twice eem~epan 

pitching moment/qse) 

bending-moment coeff ic ient  due t o  lift about  root  chord 
(..at bending moment/q 2) 

2 2  

drag coeff ic ient  due t o  l i f t  % ( 
q ef fec t ive  dynamic pressure Over epan of model, pounde per 
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V free-stream  velocity,  feet  per second 

P mass density  of air, slugs per  cubic  foot 

S twice wing area of  semispan model, square f e e t  

E mean aerodynamic chord of w i n g  wing  theore t ica l   t ip ,   fee t  

C loca l  w i n g  chord, f e e t  

b twice  span of semispan model, f e e t  

t maxixuum local  section  thickness,  feet 

t /c   a i r fo i l - sec t ion   th ickness   ra t io  

E modulus of e l a s t i c i t y   i n  bending, pounds per square  inch 

Y spanwise distance from plane of symmetry, feet 

M effect ive Mach  number over span of model 

Mt 

Ma average  chordwise loca l  Mach  nuniber 

YCP 

loca l  Mach  number 

la te ra l   cen ter  of l i f t ,  percent semispan 

U angle  of  attack,  degrees 

aD local  angle of streamwise twist (negative values indicate 
decreased a), degrees 

aD 
6, 
- local. twist parameter 

MODELS AND METHODS 

- 
The  s t e e l  wing semispan model  had 35O of sweepback referred  to  the 

quarter-chord  line, aspect ratio 4, t aper   ra t io  O.&, and an NACA 65~006 
I 

0 
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. 
a i r f o i l   s e c t i o n   a t  the root  chord measured paral le l   to   the  f ree   s t ream 
joined by s t ra ight- l ine  e lements   to  an NACA 65~002 a i r f o i l   s e c t i o n  a t  
t h e   t i p  chord. A plan-form  drawing of the model is presented in f igure 1 
and the   var ia t ion  of thickness   ra t io  along the model semispan is presented 
in   f i gu re  2. 

.I 

This invest igat ion was conducted i n  the Langley  high-speed 7- by 
10-foot  tunnel. As a means of tes t ing   the  semispan model a t  subsonic 
and low-supersonic Mach numbers i n  a region  outside  the  tunnel boundary 
layer,  a p l a t e  was mounted about 3 inchea from the tunnel wall, as shown 
in   f i gu re  3, t o  produce an effect ive  ref lect ion  plane.  The  re f lec t ion-  
plane boundary layer was such that a veloci ty  equal t o  95 percent of the 
free-stream  velocity i n  the teating  region was reached a t  a distance of 
0.16 inch f r o m  the surface a t  the  balance  center  l ine  for all test Mach 
numbers. This  distance  represents  about 3.8 percent of the model semi- 
span. 

A t  Mach numbers below 0.95 there was practically '  no veloci ty   gradient  
i n   t h e   v i c i n i t y  of the model. A t  higher test  Mach numbers, however, both 
chordwise and spanvise Mach rimer gradients were evident. The var ia t ions 
of l oca l  Mach number i n  the v ic in i ty  of the model locat ion  are  shown in 
figure 4. The e f fec t ive  Mach numbers were obtained using the   re la t ion-  
ship 

M = $Ib'* cM, dy 

For the  subject w i n g  a spanwise Mach  number gradient of generally less 
than 0.03 WRB obtained up t o  and through a Mach  number of 1.08. The 
chordwise  gradient  reached a maximum value of less   than 0.04 at the 
highest t e e t  Mach  nrmiber. 

Spanwise Mach number gradients over the semispan of the comparison 
wing,  which was investigated on the  original  transonic bump, ranged 
from 0.06 a t  subsonic Mach nmbera t o  0.08 a t  the highest test Mach 
number. The maximum chordwise gradient was 0.01. It has been  found that 
no large  or  coneistent  differences are shown from the test reaul ta  of 
ident ica l  w i n g s  teated on the  original  transonic  bmp and  on the 
reflection-plane  eetup  (reference 3): A discueeion of many of the  factors  
t h a t  must  be considered i n  the evaluation of bmp and reflection-plane 
t e a t s  can  be  found in   re fe rence  3.  

Forces and moment8 were measured  by means of an   e lec t r ica l - s t ra in-  
gage balance  system which waa mounted outside  the  tunnel  teat   section. 
Leakage through a small clearance gap  between the turntable  ( located 
f lush  wi th  the  reflection-plane  surface) and the w i n g  root  was r e s t r i c t e d  . 
by a eponge seal at tached  to   the w i n g  bu t t  and l ightly  touching  the  inside 
of the turntable.  It i s  d i f f i c u l t  t o  i so la te   the   e f lec ts  of this sponge . 
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seal on the forces measured; however, since the only movements of the  
wing r e l a t i v e   t o  tk  ref lect ion  plane which would produce restraining 
forces   in   the  sponge seal are  the  extremely small def lec t ions   in  the 
s t r a i n  gages and balance  linkages, it is believed that the restraint t o  
shear  within the sponge seal would be a very small portion of the  forces 
being measured. Angle of attack was measured by means of a slide-wire 
potentiometer. The var ia t ion  of mean Reynolds number, based on E ,  is  
shown i n  figure 5 for   bo th  the subject and comparison  wings. 

I n  view of the emall s ize  of  the model r e l a t ive  t o  the effec t ive  
flow f i e ld ,  jet-boundary and blockage  corrections were be l ieved   to  be 
insignif icant  and  hence were not  applied. 

In   o rder  t o  determine the aeroelastic  quali t ies  of  the wings used 
i n  the analysis  of this paper, s t a t i c   l oads  were appl ied  to  the wings 
a t  two spanwise locations on the  quarter-chord  lines and the var ia t ion  
of the angle of  streamwise t w i s t  was measured a t  four spanwise locations.  
These loads were applied a t  the loading points  indicated on figure 6 
and in  proportions which were intended t o  simulate roughly the theore t ica l  
span  loading. 

THEORETICAL  CONSIDERATIOXI . 
Theoretical   calculations 04 l if t-curve  slope,  aerodynamic center, 

and lateral  center-of-l if t   locations  for  subsonic and low-supersonic 
speeds were made, by the same methods used in   re fe rence  I, t o  provide 
comparisons with the tes t  r e su l t s .  The theoretical  parameters were 
corrected t o  the elas t ic   condi t ion  by the  str ip-theory method used i n  
reference 1. Since  the  difference  in  the  aeroelastic  corrections  for 
the  subject w i n g  and the comparison wing was negligible,  only one 
theoretical   curve is  shown f o r  the various aerodynamic parmeters  
presented  for the two wings. 

RESULTS AND DISCUSSION 

Presentation of Results 

The basic  data  of the present  investigation are presented i n  figure 7. 
Sllmm~lry plots,  including  comparisons of aerodynamic character is t ics   with 
those of the  constant  6-percent-thick ying of  reference 2, we presented 
i n  figures 8 and 9.  Slopes presented i n  the summary figures were measured 
through  zero l i f t  up t o  a l i f t  coeff ic ient  where obvious departure from 
l inear i ty   occurred.  
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L i f t  Character is t ics  

NACA FlM L 5 m 8  

The v a r i a t i o n   a t  low lift coeff ic ients  of l i f t -curve  s lope wi th  
Mach  number is presented i n  figure 9 for   both the tapered 6- t o  2-percent- 
thick and conatant  6-percent-thick w i n g s .  The most noticable  effects 
of this epanwise thickness  variation on the   low- l i f t   charac te r i s t ics  Of. 
the  plan form investigated  are the appreciably  greater  l if t-curve slope . 
of the tapered-in-thic~ss-ratio wing over the constant  6-percent-thick 
wing i n   t h e  high-subsonic  ahd  lox-supersonic  speed range snd the higher 
Mach  number a t  which the maximum l i f t -curve  slope of the tapered  configu- 
ration  occurred. The higher  l if t-curve slope for  the  tapeyed 6- t o  
2-percent-thick wTng seem t o  be a d i r e c t   r e s u l t  of aerodynsmic effects ,  
s ince  the  aeroelast ic   effects  on the l i f t  slopes of both wings are  of a 
re la t ive ly  small. magnitude. Agreement between  experiment and theory is 
fairly good at subsonic speeds but  generally poor a t  the higher   teet  
Mach numbere. The l a te ra l   cen ter -of - l i f t   loca t ions  (fig. 9) for   the 
6- to  2-percent-thick and constant  6-percent-thick wings a re   emen t i a l ly  
the same throughout the t e s t  Mach number range and show very good agree- 
ment with theoret ical   values  up to a Mach nunher of approximately 0.9. 

Drag Character is t ics  

Minimum-drag charac te r i s t ics  for the eubject and comparison w i n g  are  
presented i n  figure 9. These charac te r i s t ics  are eesent ia l ly  the same 
except for  a less rapid rise of C 

Dmin 
through  the  transonic speed 

range fo r  the'tapered-in-thickness-ratio w i n g .  Some ihdication of the  
accuracy of the minimum drag can  be  gained  from  reference 3, f igure 21, 
i n  which reflection-plane and rocket-model data are compared for two 
w i n g s .  The rocket-model data  presented  represent  wing-plus-interference 
drag, but,   since  the  fuselage  for the configuration was a cyl indrical  
body, it i s  believed-the  wing-plus-interference drag is  a val id   indicat ion 
of wing-alone drag. Agreement between the minimum-drag r e s u l t s   f o r  t he  
rocket models  and reflection-plane models is very good. The predicted 
value of the  pressure drag fo r  the tapered-in-thickness-ratio w i n g  
at M = 1.08 is  preeented i n  figure 9.. T t  can be seen that this 
predicted  value i e  somewhat lower  than that obtained from  experiment. 
D r a g  due t o  lift, ACD, as presented i n   f i g u r e  8(b), shows that, a t  lift 
coefficients  ranging from about 0.2 t o  0.6 for Mach numbers of 0.80 and 
1.00, values of drag due t o  lift are s a m e w h a t  higher  for the tapered-in- 
thickness wing. T h i s  increase i n  drag coeff ic ient  due t o  lift ,for the 
tapered 6- to  2-percent-thick wing over  the  constant  6-percent-thick 
wing may be a result of 8 more pronounced leading-edge  separation and 
resu l t ing  loss of leading-edge  suction common to  t h i n   a i r f o i l s .  
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Pitching-Moment Character is t ics  

Subsonic  theoretical and experimental values of aerodynamic-center 
loca t ion   ( f ig .  9) r e fe r r ed   t o  E / &  (positive  value8 of k m / a C ,  forward 
of E/4) are i n   f a i r l y  good agreement f o r  the tapered 6- to  2-percent- 
thick wing. From this f igure it can be seen that there is a f a i r l y  emooth 
va r i a t ion   i n  aerodynamic-center  location through the transonic  speed 
range f o r  either the constant  6-percent-thlck or tapered 6- t o  2-percent- 
thick w i n g .  Pitching-moment charac te r ie t ice   for  both wings a t  high l i f ts  
and a Mach number of 1.00 ( f ig .  8( c )  ) show .no unstable  trends up t o  the 
highest l i f t  coeff ic ients   invest igated and a . v e r y  linear var ia t ion  w i t h  
lift coeff ic ient .  

CONCLUSImS 

Wind-tunnel tests have been made at low Reynolds numbers t o  determine 
the aerodynamic charac te r i s t ics  at transonic speeds of an  aspect-ratio-4, 
35O sweptback wing having i ts  th ickness   ra t io  tapered from 6 percent at 
t h e   r o o t   t o  2 percent a t  the   t i p .  These da ta  are compared wi th  r e s u l t s  
obtained for a wing of ident ical   p lan form but  of a constant  6-percent- 
thicknees  ratio.  The following  conclusions were drawn from these 
comparisons: 

1. The  minimum-drag charac te r i s t ics  for the tapered 6- to  2-percent- 
thick and constant  6-percent-thick w i n g s  are   essent ia l ly   the  same except 
f o r  a less rapid rise of minimum drag  coefficient  through the transonic 
speed range . for  the tapered-in-thickness-ratio w i n g .  

2. A t  moderate l i f t  coefficients  ranging *om 0.2 t o  0.6 f o r  Mach 
numbers of 0.80 and 1.00 the  tapered-in-thickness wing exhibits s l igh t ly  
higher  drag due t o  l i f t  than the constant  6-percent-thick wing. 

3. The tapered 6- to  2-percent-thick wing exhibited  an  appreciably 
higher  l if t-curve  slope above a Mach.number of 0.85 and through the 
remaining test Mach number range than  the  constant  6-percent-thick wing. 

4. Subsonic  theoretical value8 of l i f t -curve  slope, aerodynamic 
center,  and lateral center of l i f t  are i n  fairly good agreement with 
experiment. Agreement between theory and  experiment i s  generally poor 
at the supersonic Mach numbers iweat iga ted .  

Langley Aeronautical  Laboratory 
National  Advisory C o m m i t t e e  for Aeronautics 

Langley Field, Va. 
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Tbbulufed Wing Data 
’ Area (Twice semispad 0.125 s9 fi 
Aspect ratio 4 
Taper ratio 0.6 
Airfoilsection parallel to NACA 6SA006 of root 

free stream. to 
NACA 65 A 002 ut tip 

Figure 1.- Plan-form drawing of a King having 3 9  of  sweepback, aspect 
r a t i o  4, t ape r   r a t io  0.60 and an NACA 65A006 a i r f o i l   s e c t i o n  at root  
chord  tapered to an NACA 65A002 airfoil sect ion a t  t i p  chord. 



.. . 

Semis pan dis torn ce, Y 
b/2 

Fi'igure 2.- Thickness-ratio distribution  along semispan of a wLng having 
35' of sweepback, aspect  ratio b, taper r a t io  0.60 and an NACA 65A006 
d r f o i l  section at root chord tapered to  an NACA 6sAOO2 airfoil section 
at  t i p  chord. 

I I 

. . . .  . . .  .. . . 
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r'igure 3.-  PhotograFh of a wing on reflectior:-l*elazAe setup.  
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along reflection  plane,in. 

6 4 2 t w a m  2 4 6 
Lwitudiml G dktance 

along refkction plane,in. 

Figure h.- Typical Mach number contours  over side-wall reflection plane 
in region of wing location. 
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Mach number M 

Figure 5.- n o f  average Reynolds nmber with Mach number for 
of sweepback, aspect r a t i o  4, and taper ratio 0.60. 
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Figure 6.- Effect of thickness on variation o f  angle of streamwise t w i s t  
along semispan for wings havlng 3 9  of sweepback, aspect ratio h, and 
taper ratio 0.60. 
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L i f t  coeffienf, C, 

( a )  a against  CL. 

Figure 7.- Basic  aerodynanic data for a wing having 35' of sweepback, 
aspec t   ra t io  4, t aper   ra t io  0.60, and KACA 6sA006 a i r fo i l   s ec t ion  a t  
root  chord  tapered to NACA 65A002 airfoil section at t i p  chori. 
Flagged symbols are check paints. 
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Figure 7.- Continued. 

M 
KI 1.08 
P 1.05 

1.00 
0 .98 
0 95 
Q 93 
-90 

A 85 
0 BO 
.70 

0 .60 
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KI 1-08 
p 1.05 
* /.oo 
0 .98 
Q .95 
0 .93 
h 90 
A .85 
0 .80 
0 -70 
0 .60 

Figure 7.- Continued. 
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(a) c against CL. 

Figure 8.- Comparisons at representative Mach nwnbers of the effects  of 
thickness on the aerodynamic characteristics of dings having 3 9  of 
swaepback, aspect ratio 4, and taper ratio 0.60. 

. . . .  . . .  
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Theoretical (elas tic) - - - 
""" 6%t02% 

Experimental 

.6 .7 .8 .9 LO / I  1.2 
.u 7 

.6 .7 .8 .9 1.0 1.1 1.2 
Mach number, M Mach number, M 

Figure 9.- Theoretical and experimental  comparisons of the effects of 
# thickness on the aerodynamic  characteristics of wings having 35' of 

sweepback,  aspect  ratio h, and taper ratio 0.60. 
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